Background. Increases in coronary artery size and dilating capacity have been observed in some animals after endurance training, and at autopsy, active men appear to have enlarged epicardial coronary arteries.
Ph hysically active persons tend to experience fewer clinical manifestations of coronary artery disease (CAD) than less-active men and women,1-4 and several recent reports document that endurance exercise capacity is inversely related to all-cause and CAD mortality.5'6 Also, two meta-analyses of the effects of exercise training on morbidity and mortality in patients after myocardial infarction concluded that exercise favorably influenced mortality but not reinfarction. 7, 8 The lower mortality associated with greater physical activity or exercise capacity could be mediated by various biological changes induced by regular exer-cise that increase myocardial oxygen supply, decrease myocardial oxygen demand, or enhance intrinsic myocardial contraction .9 One way that habitual activity might reduce the clinical manifestations of CAD is to increase coronary blood flow by increasing the diameter of the coronary arteries. During the past 50 years, studies using various animal models, from rats to monkeys, have demonstrated enlargement in the diameter of coronary arteries of animals performing vigorous endurance-type exercise. [10] [11] [12] [13] [14] [15] The results from a few human autopsy See p 1402 studies also indicate that habitual physical activity is related to a larger cross-sectional area of the major epicardial arteries. [16] [17] [18] [19] The development of quantitative coronary arteriography and the relative safety of the procedure permit direct measurement of the relation between coronary artery size and physical activity status in humans. Using computer-assisted arteriographical measurement, we compared the diameter of the major epicardial coronary arteries at rest and after nitroglycerin administration in ultradistance runners versus inactive men. We hypothesized that the runners would demonstrate larger epi-cardial arteries at rest and greater vasodilation in response to nitroglycerin. Methods
Subjects
The study sample consisted of 11 healthy ultradistance runners (ages 40-52 years) and 11 physically inactive men (ages 39-66 years). To be considered eligible for the study, a runner must have run 
Clinical Evaluation
The runners were interviewed regarding their medical status, general health habits, and exercise training regimen. They underwent a cardiovascular-oriented physical examination including fasting blood samples for plasma lipoproteins, chemistries, and hematology. Plasma was separated from venous blood within 2 hours, and blood and plasma were kept at 4°C until processed. Plasma total cholesterol and triglycerides were measured according to enzymatic procedures (Abbott ABA 200 instrument), high density lipoprotein cholesterol (HDL-C) was determined by the dextran sulfate-magnesium precipitation procedure, and low density lipoprotein cholesterol (LDL-C) was Segment fiducial points, replication of angiographic projections, and specification of identical lengths ensured equivalence of the prenitroglycerin and postnitroglycerin segments. Single-plane quantitation was performed on those cine frames that were closest to end diastole, best elongated the vessel of interest, were at least 0.5 cm in length, and exhibited good-to-excellent visualization without substantial vessel overlap. The p-RCA, p-LAD, and p-CIRC measurements were obtained proximal to any major bifurication or branches. The mean diameter of the full length of the available segment was used for the analysis. The mean diameter of segments was computed from perpendiculars constructed through the length of a computer-generated center line. The operator was not blinded to the patient identity or group; however, all measurements are based weighing. on computer image-processing techniques that are internal to the system and not susceptible to operator control. The quantitation system has been shown to measure coronary dimensions from different end-diastolic cine frames with a within-procedure average standard deviation of the measurement differences of +0.033 mm.25 Because only normal arteries were included in the analysis, we assumed that the artery cross section was round and calculated the cross-sectional area for each artery segment using the standard formula for determining the area of a circle (1TD2/4).
There were no significant medical complications of the test procedures; however, two runners had mild hypotension and bradycardia during angiography that responded to intravenous saline.
Statistical Analyses
The mean values of selected variables for runners and controls were compared using two-sample t tests. The relation of selected characteristics to coronary artery cross-sectional area or the change in cross-sectional area after nitroglycerin was determined by Spearman's correlation coefficients and multiple regression analyses. Significance was set at p<0.05 using a two-tailed test.
Results

Characteristics of Runners and Inactive Men
Presented in Table 1 are selected characteristics of the runners and inactive men. The runners were on average 7 years younger and substantially leaner. The left ventricular mass index calculated from two-dimensional echocardiography was larger in the runners than the inactive men (152±21 versus 116±41 g/m2;p<0.05) and was similar to that reported for other distance the LM, p-LAD, p-CIRC, and p-RCA arteries before and after nitroglycerin for the 11 ultradistance runners and 11 inactive men are presented in Table 3 . Also included in this table are the changes in mean crosssectional area from before to after nitroglycerin for each artery. In 11 subjects (eight inactive men and three runners), the LM artery was too short (<0.5 cm) to obtain accurate measurements, and in three of the inactive subjects the p-RCA was of inadequate length (<0.5 cm) proximal to a major branch. To obtain a global measure of coronary artery size, the cross-sectional areas for the p-RCA, p-CIRC, and p-LAD for each subject were added and expressed as the total cross-sectional area. The rami vessels were not included in these analyses.
In the basal condition, the cross-sectional area of the arteries was not consistently different between the two groups, with the runners having only a significantly larger p-RCA (8.1 versus 5.8 mm2; p<0.01) ( Table 3 ). The mean total cross-sectional area before nitroglycerin was not different between the inactive men and runners: 21.0±7.97 versus 22.7±4.79 mm2 (p=0.57), respectively. After nitroglycerin, the mean cross-sectional area increased significantly in both groups for all arteries except for the LM in the inactive men (n=3) ( Table 3 and Figure 1 ). The mean increase in cross-sectional area for the p-LAD (p<0.001) and p-CIRC arteries (p=0.006) was greater for the runners than for the inactive men. For the p-RCA, the increase in the runners was approximately 50% greater than for the inactive men, but this difference was not significant (p=O.15) (Figure 1 ). The increase in mean total crosssectional area after nitroglycerin was 13.20 mm2 for the runners versus 6.00 mm2 for the inactive group, a 2.2-fold greater increase in the runners (p=0.002). When expressed as a percent of prenitroglycerin values, the increase in total cross-sectional area was 32% for the inactive men and 58% for the runners (p<0.01).
The values for total cross-sectional area before and after nitroglycerin for each subject are displayed in Figure 2 Stepwise multivariate regression analyses were performed in runners only to partially sort out which of these variables might be more independently associated with coronary artery size and vasodilating response. When all of the variables that by univariate analysis were significantly correlated with total cross-sectional area in the basal condition (Table 4) were entered in the analysis, only advancing age made a significant independent contribution. When the change in total crosssectional area was the dependent variable, LDL-C and percent body fat were found to be independent predic- 
Discussion
The internal diameter of mammalian arteries generally are correlated with luminal blood flow during their development, and this relation continues throughout life.29 Also, experimental changes in local blood flow alter vessel diameter,30 with decreases in flow producing significant reductions in artery diameter,31 whereas sustained increases in flow increase the size of healthy arteries.32 These changes appear to be due more to structural modifications of the arterial wall than to changes in vascular tone. 31 The ultradistance runners in this study averaged 400-800 hours of running per year at a cardiac output at least twofold to threefold resting values. Thus, coronary arteries of the runners frequently were exposed to a substantial increase in blood flow, which could be responsible for their greater crosssectional area after nitroglycerin.
Coronary Artery Size Before Nitroglycerin
The hypothesis that the runners would have disproportionately larger diameter arteries at rest was based on human studies demonstrating that coronary artery diameter increases in response to increases in cardiac mass due to valvular disease and exercise training studies in animals and humans demonstrating coronary vessel enlargement. For and without infarction and found an association between increasing physical activity of occupation and increasing coronary artery diameter. Based on these autopsy data where the coronary arteries were observed or measured to be larger in more active men (when there was no myocardial oxygen demand or coronary flow), it might be expected that the ultradistance runners would have demonstrated a significantly larger coronary artery diameter at rest than the sedentary men.
In our subjects, in the basal condition, there were no systematic differences in the cross-sectional area of the coronary arteries between the runners and inactive men. Left ventricular mass index expressed as grams per square meter was larger for the runners than for inactive men. However, total left ventricular mass (g) was slightly but not significantly larger for the runners. The enhanced left ventricular mass index in the runners reflected the fact that body weight for the runners was 16.9 kg less than for the inactive men. Thus, based just on the relation of left ventricular mass to the total cross-sectional area of proximal coronary arteries, the runners and sedentary controls in this study would be expected to In the runners, the change in total cross-sectional area in response to nitroglycerin was significantly correlated with several measures of physical fitness (resting heart rate, Vo2max, and percent body fat) but not with left ventricular mass index (r=0.46, p=0.15). In addition, plasma LDL-C (r= -0.77,p<0.01) and triglyceride (r= -0.66, p<0.05) concentrations were negatively correlated with the change in cross-sectional area. In any multiple regression analyses that included LDL-C, it always demonstrated the strongest independent relation to the change in artery size. Several studies have demonstrated that elevated plasma cholesterol concentration, especially LDL-C, inhibits vasodilatation in vitro using coronary arteries from rabbits50 and in vivo in the coronary arteries51 and resistance vessels in the forearm of men.52
Study Limitations
This preliminary study of the possible role of exercise in determining epicardial coronary artery size and dilating capacity is limited by its cross-sectional design, method of subject selection, and that angiography protion of the artery wall. It is not possible to determine how much genetic or environmental factors other than running contributed to the differences in the dilating response between the marathoners and inactive men. Also, we cannot rule out the possibility that the inactive men had a suppressed vasodilating response due to atherosclerosis not observed on angiography or preatherosclerotic artery wall dysfunction. There were differences in both LDL-C and HDL-C between the longdistance runners and inactive men, consistent with known effects of a physically active and weight-and diet-conscious lifestyle. We cannot differentiate whether the greater dilation observed in the runners was due to flow-mediated remodeling of the runners' coronary vasculature or an adverse vascular effect of higher LDL-C or lower HDL-C in the inactive men. However, the percent increase in TCA of the inactive men in response to nitroglycerin was within the range reported for coronary artery segments that appear normal by angiography. [43] [44] [45] Implications These results demonstrate for the first time that the coronary arteries of highly trained, middle-aged men have a greater dilating capacity in response to nitroglycerin than those of men who generally are sedentary. Given the cross-sectional nature of this study, it is not possible to know if this difference was caused by the running or is due to some other acquired trait or to genetic selection. Also, this study does not provide data on how much exercise would be needed to produce enhanced coronary artery dilation or whether exercise training would produce increased dilation in the coronary arteries of patients with coronary atherosclerosis. One could speculate whether pharmacological agents, such as those that activate endothelium-derived relaxing factors, would produce a similar result. Additional research is needed to determine the causes of the greater dilating capacity of epicardial coronary arteries in highly trained runners and if any clinical benefit is provided by this increased capacity.
